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Coupled modeling of non-isothermal multiphase flow, solute transport
and reactive chemistry in porous and fractured media:

1. Model development and validation

Tianfu Xu and Karsten Pruess

Earth Sciences Division, Lawrence Berkéley National Laboratory, University of

California, Berkeley, CA 94720

Abstract. Coupled modeling of subsurface multiphase fluid and heat flow, solute transport
and chemical reactions can be used for the assessment of acid mine drainage remediation,
mineral deposition, waste disposal sites, hydrothermal convection, contaminant transport,
and groundwater quality. Here we present a numerical simulation model,
TOUGHREACT, which considers non-isothermal multi-component chemical transport in
both liquid and gas phases. A wide range of subsurface thermo-physical-chemical
processes is considered. The model can be applied to one-, two- or three-dimensional
porous and fractured media vwith physical and chemical heterogeneity. The model can
accommodate any number of chemical species present in liquid, gas and solid phases. A
variety of equilibrium chemical reactions is cqnsidered, such as aqueous complexation, gas
dissolution/exsolution, cation exchange, and surface complexation. = Mineral
dissolution/precipitation can 'proceed either subject to local equi]ibrium”or kinetic
conditions. The coupled model employs a sequential iteration approach with reasonable

computing efficiency. The development of the governing equations and numerical




approach is presented along with the discussion of the model implementation and
capabilities. The model is verified for a wide range of subsurface physical and chemical
processes. The model is well suited for flow and reactive transport in variably saturated
porous and fractured media. Iﬁ the second of this two-part paper [this issue], three
app]icationé covering a variety of problems are presented to illustrate the capabilities of

the model.
1. Introduction

.Coupled modeling of subsurface multiphase fluid %md heat flow, soiute transport and
chemical reactions can be used for the assessment of mineral deposits, acid mine drainage
remediation, waste disposal sites, the analysis of hydrothermal convection systems, the
study of contaminant transport, and the understanding of groundwater quality. In the past
decade, a number of models accounting for subsurface physical and chemical processes
have been developed. Two major approaches have been used to couple multi-species
transport and chemistry: (1) direct substitution approach (DSA), which substitutes the
chemical reaction equations directly into the transport equations; and (2) sequential
iteration approach (SIA), which solves the transporf and the reaction equations separately
in a sequential manner with an iterative procedure. The use of the DSA leads to a system
of fully coupled highly nonlinear transport equations. Its advantage is high accuracy, but
its main disadvantage is a very tﬁgh_ demand on computing resources [Yeh and Tripathi,
1989]. Because of the computational demands it may be impractical to apply this approach

to field scale 2- and 3-D problems. In the SIA, since the sets of equations that are solved




simultaneously are much smaller than in the DSA, larger systems with larger sets of

chemical species can be handled. The SIA method has been widely used by many

investigators, such as Cederberg et al. [1985], Ague and Brimhall [1989], Liu and
Narasimhan [1989]1, Engesgaard and Kipp [1992], Nienhuis et al. [1991], Yeh and
Tripathi [1991], Simunek and Suares [1994]; Walter et al. [1994], Zysset et al. [1994],
Lichtner [1996], Steefel and MacQuarrie. [1996), Viswanathan [1996], Neretnieks et al.
[19971, Sun et al [1998], and Xu et al. [1998a].

An important aspect of any reactive transport model is its ability to deal with a
wide range of subsurface thermo-physical-chemical processes in field scale complex
geologic media. Most often, available models consider only isothermal conditions ignoring
temperature effects even though chemical processes depend strongly on temperature. Only
a few models incorporate heat transport. Most models are suitable only for simulating
reactive transport in saturated porous media, and limit the flow and transport to the liquid
phase. Here we present a general coupled model, TOUGHREACT, which considers non-
isothermal multi-component chemical transport in both liquid and gas phases. A wide
range of suiasurface thermo-physical-chemical processes is considered. The model can be
applied to one-, two-, or three-dimensional porous ‘and fractured media with physical and
chemical heterogeneity. For flow and transport,in fractured media, a double porosity and
dual permeability model is included. The model can accommodate any number of chemical
species present in liquid, gas and solid phases. Chemical reactions considered under the
local equilibrium assumption are aqueous complexation, acid-base, redox, gas
dissolution/exsolution, cation exchange, and surface complexation. Mineral

dissolution/precipitation can proceed either subject to local equilibrium or kinetic




cohditions. Reaction effects on porosity, permeability, density and viscosity are neglected.
The coupled model employs a sequential iteration approach that is viewed as the most
straightforward technique for achieving a comprehensive modeling capability with
reasonable cémputing efficiency. This approach allows applications to field scale reactive
chemical tfansport problems where a large number of equations are required to be solved.
The computer simulator was developed by introducing solute transport and reactive
chemistry into the framework of the existing non-isothermal multiphase flow simulator
TOUGH?2 [Pruess, 1991]. The model has been verified for a variety of physical and
chemical processes. A simulation of water quality in the Aquia aquifer (Maryland) is
performed to validate the model for field scale problems.

We first present the development of governing equations for non-isothermal
multiphase flow, solute transport and chemical reactions. Then the numerical
| implementation and model capabilities are addressed. Finally the verification and validation
are presented. In the second of this two-part paper [this issue], three applications covering
a variety of reactive transport problems are presented to illustfate the model capabilities,
including (1) supergene copper enrichment in unsaturated-saturated media; (2) thermo-
hydro-chemical modeling for the drift scale heater test at Yucca Mountain, Nevada; and

(3) chemical evolution in irrigated soil.
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2. Model formulation

2.1. Non-isothermal multiphase flow and multi-component transport

In thé present work, major assumptions are made as follows: (1) porosity and
permeability change from mineral dissolution/precipitation is neglected, (2) aqueous
chemical concehtration changes do not influence fluid thermophysical properties such as
density and viscosity, (3) changes in partial pressure of gases other than H,O and air (i.e.
trace gases such as CO, and O,) due to chemical reactions do not affect overall gas and
liquid flow, and (4) heat generation due to chemical reactions is neglected.

Two types of governing equations can be distinguished, multiphase flow and

chemical transport. All flow and transport equations have the same structure, and can be

derived from the principle of mass (or energy) conservation. Table 1 summarizes these ‘

equations and Table 2 gives thé meaning of symbols used. The non-isothermal multi-phase
flow consists of fluid flow in both liquid and gas phases, and heat transport, which has
been discussed in detail by Pruess [1987 and 1991]. Aqueous (dissolved) species are
subject to transport in the liquid phase as well as to local chemical interactions with the
solid and gaseous phases. Transport equations are written in terms of total dissolved
concentrations of chemical components which are concentrations of their basis species
concentrations plus their associated aqueous secondary species [Yeh and Tripathi, 1991;
Steefel and Lasaga, 1994; Walter et al., 1994; and Lichtner, 1996]. Advection and
diffusion processes are considered for both the liquid and gas phases, and their coefficients
are assumed to be the same for all species. The local chemical interactions in the transport

equations are represented by the reaction source/sink terms. For transport in the liquid




phase, these source terms are gj (in Table 1) representing mass transfer from the solid to

the liquid phase, and q;, from the gas to the liquid phase. For transport in the gas phase,

the reaction source term is -gj, representing mass transfer from the liquid to the gas phase.

Table 1. Governing equations for fluid and heat flow, and chemical transport. Symbol

meanings are given in Table 2.

- dM
General governing equations: atK =-VE, +q,
Water: Mw = q)(slplxwl +Sgngwg) 1::w = leplul + Xwgpgug Qw = 9w +qwg
Air: Ma = ¢(SlplXal +Sgngag) Fa = Xalplul + Xagpgug da = 9a +qag

Heat: My =0(SipiU+S,0,U)+ (1= 09U, Fy= 3 hypguy ~AVT g,

where u; = —kﬂ;(vpﬁ - Ppg) P=1Lg

Chemical components in the liquid phase (j=1,2,...,N, ):

Chemical components in the gas phase (k =1,2,...,N g ):
Mk - ¢S!Ck[ Fk = uglckg - ngckg
where Cyg =1y /RT

(Darcy’s Law)

q;=9; +q; +q;

dx =—q ig
(gas law)
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Table 2. Symbols used in Table 1.

component concentration, mol I p density , kg m™

C
D diffusion coefficient, m%s M viscosity, kg ms™
2 -

F mass flux, kg m?s™ (*) A heat conductivity, W m™'K!
f gaseous species partial pressure, bar
k permeability, m? Subscripts:
k, relative permeability a air
g gravitational acceleration, m s g gas phase
M mass accumulation, kg m™ h heat
N number of chemical components j chemical component in liquid phase
p pressure, Pa k chemical component in gas phase
q sourcc{smk 1 liquid phase
S saturation s solid phase
T temperature, °C w water

. -1
U internal energy, J kg1 K governing equation index
u Darcy velocity, m s” B phase index
X mass fraction |
0] porosity

(*) For chemical transport and reaction calculations, molar units are used.

The primary governing equations given in Table 1 must be complemented with
constitutive local relationships that express all parameters as functions of thefmophysical
and chemical variables. These expressions for non-isothermal multiphase flow are given by
Pruess [1987]. The expressions for reactive chemical transport are given in the following

section. The primary governing equations are nonlinear due to these local relationships.

2.2. Chemical reaction equations

A chemical species is defined as any chemical entity distinguishable from the rest due

to (1) its elemental composition, and (2) by the phase in which it is present. For instance, .

gaseous CO; is a different species from aqueous CO,. Not all species are needed to fully

describe the chemical system. The subset of species which is strictly necessary is made up




of what are known as basis or master or primary species, or components [Parkhurst et al.
1980; Reed, 1982; Yeh and Tripathi, 1991; Wolery, 1992, Steefel and Lasaga, 1994; and
Lichtner, 1996]. The remaining species are called secondary species consisting of
aqueous, précipitated (mineral), gaseous, exchanged, and surface complexes. The
secondary épecies can be represented as a linear combination of the set of the basis species
(Table 3). Aqueous complexation, gas dissolution/exsolution, cation exchange, and
surface complexation are assumed to proceed according to the local equilibrium. Mineral |
dissolution/precipitation can proceed either subject to local equilibrium or kinetic
constraints. Three types of equations are required for solving the chemical reaction
system: mass action equations for equilibrium, rate expressions for kinetics, and mass

balances for the basis chemical species (Table 3).




Table 3. List of chemical reaction equations: mass action, rate expression and mass
balance (illustrated by specific examples; in fact the model is valid for general
geochemistry). Symbol meanings are given in Table 4.

N¢
General dissociation reactions Si=2v;S]
| =

Ne "
(1) General mass action equations: Kja, = Z(asp )V
i _] j

. . . . - 2— + —
Aqueous dissociation: HCO; = CO;” +H KHC0§YHCO§CHCO§ =Y co3-Cor- Y+ Cpr+

Mineral dissolution: CaCO,(s) = CO2" + Ca?* K ac0(9) = ¥ g2 e ¥ cot-Ccor-

Gas dissolution: CO,(g) =CO,(aq) Ko, feo,@ = ¥ 0, (aq) €0, (ag)
(2) Rate expressions: m=knA, [1 —(Qn/ Km)e ]n negative for precipitation
, Qcacoy(s)
Calcite dissolution rate (first order): Tcac0s(s) = KeacoyA| 1= 5———
~ ? ’ K acoy9

QCaCO3(s) =Y ca2+C g2+ Yco%*ccog- = Keaco,s) 2t equilibrium
(3) Conservation of chemical component in a closed chemical system:

Carbonate component CO?":

Too- = Cooz- *Cco,( +Ccacoys)

where C + CHcog; +Cco,aqy  (total dissolved, subject to transport)

cor- = Ceoz-




o
.

;

E )
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Table 4. Symbols used in Table 3. Note that some symbols that have been used in Table 1
have different meanings here.

A specific reactive surface area, m* kg™ T total concentration of component,
a thermodynamic activity mol I*
C total dissolved concentration of gP basis species

component, mol 1"} i
p . S*  secondary species

c species concentration, mol I' . -

f partial pressure of gas species, bar Y theltm(?dynarr.uc act1v1ty coefficient
Q ion activity product v Stoichiometric coefficient

K Equilibrium constant .

k kinetic rate constant, mol ms?! Subscnpt: ..

Nc  number of component (basis species) ! 5eco ndary' species index

r net dissolution rate, mol I's? ) ba-s1s spe_,cws index

S species chemical formula m mineral index

n,0,n experimental parameters

To help understand the formulation for chemical reactions, we selected a simple
illustrative example in Table 3; in fact, our model is valid for any geochemical system. All
reactions in Table 3 are written in dissociation forms, which are useful for facilitating
mathematical modeling. For the mass action equations of aqueous dissociation, the activity
is equal to the product of the activity coefficient and molar concentration. Aqueous
species activity coefficients are calculated from the extended Debye-Hiickel equation
[Helgeson and Kirkham, 1974]. Activities of a pure mineral phase and H,O are assumed to
be one. Gases are assumed ideal, therefore, fugacity coefficients are assumed equal to one,
and fugacity is equal to partial pressure (in bar). The mass action equations for cation
exchange and surface complexation (double layer model) and activities for the surface
species are calculated as in Appelo and Postma [1993], and Dzombak and Morel [1990].
Only mineral dissolution and precipitation are allowed to proceed subject to kinetics. The
rate expression used is taken from Lasaga et al. [1994]. Mass conservation in the closed

chemical system is written in terms of basis species. The species distribution must be
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governed by the total concentration of the component. The total concentration of the
surface species is its surface size. For cation exchange, it is equal to cation exchange
capacity (so called CEC).

Redox reactions are written in terms of aqueous oxygen such as, HS=SO,>-
20,(aq)+H", or hypothetical electron, HS=SO,*-4H,0+8¢+9H". Using these two
approaches, mathematical equations for redox reactions have the same form as other types

of reactions [Liu and Narasimhan, 1989].

3. Model implementation

3.1. Sblution method

The coupled model is implemented by introducing multi-component transport and
reactive chemistry into the framework of the existing non-isothermal multi-phase flow
computer code TOUGH2 [Pruess, 1991], resulting in the general reactive chemical
transport code TOUGHREACT. Our model uses a sequential iteration approach
[Cederberg et al., 1985; Yeh and Tripathi 1991, Simunek and Suares, 1994, Walter et al.,
1994]. The flow and transport in geologic media is based on space discretization by means
of integral finite differences [Narasimhan aﬁd Witherspoon, 1976]. An implicit time-
weighting scheme is used for flow, transport, and geochemical reaction. Full details of the
numerical solution for transport are given in [Xu et al., 1997]. An improved equilibrium-
kinetics speciation model for simulating water-rock-gas interaction is employed [see Xu et
al., 1998b]. In this reaction model, equilibrium and kinetics are solved sﬁnultaneously by

Newton-Raphson iteration, which allows a larger time step to be applied. In addition, the
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Newton-Raphson iteration scheme has been modified such that the unknowns are the
relative concentration increments as opposed to their absolute values. By doing this, the
modified Jacobian matrix is symmetric and better conditioned, improving convergence.
Full details are given in Xu et al. [1998b].

The flow chart of the computer simulator TOUGHREACT is presented in Figure 1.
The non-isothermal multiphase flow equations are solved first, and the resulting fluid
velocities and phase saturations are used for transport simulation. Transport in the liquid
phase is treated in terms of total dissolved concentrations. In addition, if gaseous species
are present, the transport is solved in terms 6f their partial pressures. The resulting
concentrations and partial pressures from the fransport calculation are substituted into the
chemical reaction model. The temperature distribution obtained from the solﬁtion of the
multiphase flow equations is used to update physical and chemical parameters. The
chemical transport equations are solved component by component, whereas the reaction
equations are solved on a grid block basis. The transport and reaction equations are solved

iteratively until convergence.
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itialize parameters for water,
apor, air and heat flow

Read and initialize chemical constants and
numerical options, and assign chemical state]

KCYC=KCYC+1

variables to each grid block

Solve fluid and heat flow

Time step: At

v

equations

v

Temperature Fluid velocities
distribution

Coupled transport and reaction

=

Solve solute transport of total dissolved
component, and transport of gaseous

species; time step At,< At

Total dissolved concentrations

Call chemical submodel on a grid-
block-by-grid-block basis

Mass transfer ? A
from solid and gas

No

Convergence

Update chemical state
variables for next time step

Update physical <_YE_ YAt =At = >
parameters L —

Want more time

steps (At,)

Figure 1. Flow chart of coupled model TOUGHREACT for non-isothermal multiphase
flow, solute and reactive chemistry.
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3.2. Quasi-stationary states

Reactive chemical transport may occur on a broad range of time scales. After a brief
transient eyolution, reactive systems may settle into a "quasi-stationary state" [QSS;
Lichtner,‘ 1988], during which aqueous concentrations of all chemical species remain
essentially constant. Dissolution of primary and precipitation of secondary minerals
proceed at constant rates. In fact, no complex calculations are necessary and only
abundances of mineral phases need to be updated. This state terminates when one or more
minerals dissolve completely at any of the grid blocks. A relative concentration change, 8¢,
and a relative dissolution (or precipitation) rate change, &;, are used to monitor attainment

of the QSS conditions,

Ck+l ____ Ck
8c= max |———]<¢&, (1a)
all components| C
all grid blocks :
kH Lk
8: = max [—|<E, (1b)
all minerals r
all grid blocks

where k is the transport time step index, C are dissolved component concentrations, r are
dissolution or precipitation rates, and €c and & are the QSS tolerances. This is of
considerable practical importance, because substantially larger time steps should be

possible during periods where a QSS is present [Neretnieks, 1997].
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3.3. Time stepping

The solution of the nonlinear reactive transport equations involves several iterative
procedures. Each iterative procedure is performed until convergence is achieved.
Convergence is very sensitive to the initial estimates of concentrations. At a given time
step, initial concéntrations are taken equal to those computed at the previous time step.
For the first time step, the estimates are taken from the initial concentrations‘ which in
some cases may be very different from the true solution. In some cases such as redox
reactions a very small time increment may be required in order to give a close initial
estimate. Time steps can be increased gradually up to a maximum value when approaching

a QSS. An automatic time stepping scheme is implemented in TOUGHREACT. Three
time step levels are used. The global time step, Aty, is controlled by the solption of the
flow equations. During a time interval of At;, depending on convergence, multiple steps
At,, with Y At,=At; can be ﬁsed for solution of transport. Similarly, > At;=At, (where At; is
the reaction time step) can be used for reaction calculations. The At; pattern may be
different from grid block to grid block depending on the convergence behavior of the local

chemical reaction system. For example, at the redox front a small At; may be required.

3.4. Model capabilities

The main features of the TOUGHREACT computer model are listed in Table 5.
General multiphase flow and chemical transport conditions are considered. The model can

take into account any number of species present in liquid, gas and solid phases. It is well
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suited for reactive chemical transport in variably saturated porous and fractured media

under non-isothermal multiphase flow conditions.

Table 5. Main features of the TOUGHREACT simulator for the coupled modeling of

subsurface non-isothermal multiphase flow, solute transport and chemical reactions.

Term

Feature

Dimensionality
Space discretization
Time integration

Medium

Heterogeneity
Processes for non-isothermal

multiphase flow

Processes for transport of
aqueous and gaseous species

Linear equation solver for
flow and transport

Equilibrium reactions

Kinetics

Chemical data base

1-D, 2-D, or 3-D

Integral finite difference

Implicit

Porous and fractured media; double porosity and dual

permeability |

Physical and chemical

(1) Fluid flow in both liquid and gas phases occurs
under pressure, viscous and gravity forces;

(2) capillary pressure, vapor adsorption and vapor
pressure loWering effects for the liquid phase;

(3) heat flow by conduction, convection and diffusion

Advection and diffusion

MAZ28 (LU direct) or

preconditioned conjugate gradient (iterative)

Aqueous complexation, acid-base, redox , mineral
dissolution/precipitation, gas dissolution/exsolution,
cation exchange, and surface complexation

Mineral dissolution/precipitation

Modified EQ3/6 data base
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4. Verification and validation

Verification of non-isothermal multiphase flow is given by Pruess [1987, 1991] and
Pruess et al. [1996]. Here we only present the verification of mineral dissolution against
analytical solutions, and of pyrite oxidation in unsaturated-saturated flow conditions
against TOUGH2-CHEM [White, 1995]. TOUGH2-CHEM computer program is also
based on the framework of the non-isothermal multi-phase flow program TOUGH?2, and
employs a fully coupled approach where all flow and reactive transport equations are
solved simultaneously. TOUGH2-CHEM was designed primarily for reactive flow and
transport in geothermal reservoir systems. A simulation of water quality in the Aquia
aquifer (Maryland) is presented to validate the model for a field scale problem. In addition,

cation exchange and surface complexation were verified using other numerical simulators.

4.1. Mineral dissolution

We consider one-dimensional transport of two hypothetical species A and B, which
originate from the dissolution of a mineral phase ABs, ABs <> A + B, in a semi-infinite
water saturated medium under a steady uniform velocity flow regime. This problem can be
solved analytically for both equilibrium and kinetic conditions (see Appendix). Parameters
used in the TOUGHREACT simulation are listed in Table 6. The numerical results for

both conditions agree well with the analytical solutions (Figure 2).
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Table 6. Parameters used for the TOUGHREACT verification of the mineral dissolution.

(@)

Figure 2. Concentration profiles for two

Parameter value
Length (m) 1.0
Grid size (m) 0.04
Pore velocity (m day™) 0.1
Porosity 0.4
Equilibrium constant 10°®
Kinetic rate constant (mol s m™?) 2x1071°
Specific surface area (m?1?) 1.0
Initial concentrations (mol I'")

Species A 10"

Species B 10*
Boundary concentrations (mol I"')

Species A 10°

Species B 10

2E-4 -+ : i 2E-4 -

] Solld lines: analytical solution _ | Solid fines: analytical solution
= = B et Ao
g = g ] f“""““
= = o
2 2
s 1E-4 T 14 -
= = -

8 8 A AAAAAAAAAAAAAA
S 5E5 g 5E5
o & . Symbols: numerical solution
0E+0 T T T T T T T T T 1 0E+0 T T T T T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Distance (m) ] Distance (m)

(b)

species A and B in a problem involving

dissolution of a mineral ABg under conditions of local equilibrium (a) and kinetic rates (b).
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An additional run was performed for kinetic mineral dissolution with rate constant
increased from k = 2.0x10™ to 2.0x10® mol s m™. Figure 3 shows that kinetic results

are closer to equilibrium (Figure 2a) when the rate constant increases.

2E-4 -

Solid lines: k = 2,0E-10 mol/s m**2

2E-4
1E-4

5E-5

Concentration (mol/l)

Dashed lines: k = 2.0E-08 moi/s m**2
0E+0 T T T T v T T T T 1

0 0.2 0.4 0.6 0.8 1
Distance (m)

Figure 3. Simulated concentrations at 6 days for two different kinetic rate constants k.

4.2. Pyrite oxidation in a variably saturated medium

Pyrite (FeS;) oxidation plays an important role in the genesis of enriched ore

deposits through weathering reactions, and is the primary source of acid drainage from
mines and waste rock piles. A prototype for oxidative weathering processeé of pyrite in an .
unsaturated-saturated medium has been simulated with TOUGHREACT, and compared
with TOUGH2-CHEM [White, 1995; Xu et al., 1998c]. |

A vertical column is modeled, which extends from the atmosphere through an

unsaturated zone, and below the water table (Figure 4a). Oxygen is supplied to the top of
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the column as a dissolved species in infiltrating rainwaters and is also transported by

gaseous diffusion from the land surface boundary. The initial flow conditions are set by

specifying the rate of water infiltration into the top of the model (0.07 m yr') and a

constant pressure of 3.5 bar at the bottom. The steady-state water saturations (Figure 4b)
obtained by ignoring chemical reactions are used as initial conditions for the calculation of
reactive chemical transport. Parameters for this unsaturated-saturated medium are listed in

Table 7.

0 —
Infiltration=0.07 m yr’
O partial pressure = 0.2 bar 10 4
‘ Water saturation profile
at steady-state
E 20
£ 1 D
25m @ 30 A
(=]
40 -
-50 T T T T T T
0.2 0.4 0.6 0.8 1.0
25m Water saturation
(b)

Constant pressure 3.5 bar

(a)

Figure 4. (a) Schematic fepresentation of the unsaturated-saturated flow system used

for pyrite oxidation, and (b) the steady-state water saturation distribution.
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Table 7. Physical parameters used for the unsaturated-saturated flow system.

. Parameter Value
Infiltration (m yr?) 0.07
Depth (m) 50
Grid spacing (m) 1
O partial pressure at the land surface (bar) 0.2
Permeability (m?) 7x10"2
gas O, diffusivity (m’s™) 4.4x107
Tortuosity 0.1
Porosity 0.1
Relative permeability and capillary pressure

[van Genuchten, 1980]:
A 0.457
Sir 0.05
Sls 1.0
Po(Pa) 1.96x10°

Reactions considered are listed in Table 8. Aqueous dissociation and gas
dissolution are assumed to proceed according to the local equilibrium. Pyrite oxidation is
subject to kinetic constraint. A kinetic rate constant of 2x10™° mol m?s” and a specific

surface area of 58.67 m’m” are used. The initial water composition corresponds to a

dilute reducing water with aqueous oxygen concentration, Co,(aq) * of 1.0x107° mol 1.

The infiltration water composition corresponds to a dilute oxidizing water with

Co,(aq) =2.53%10* which is at equilibrium with an atmospheric O, partial pressure of 0.2

bar. Initial pyrite abundance is 9% by volume.
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Table 8. List of reactions involved in pyrite oxidation. Thermodynamic equilibrium

constants are from the EQ3/6 database [Wolery, 1992].

Reaction  logwK at 25 °C
0,(g) =0,(aq) -2.898
pyrite(FeS,) +7/20,(aq) + H,0 =2H" + 250%™ +Fe?* 217.4
HS™ +20,(aq) =H* +S03~ 138.32
H,S(aq) +20,(aq) =2H* +S02" 131.33
Fe?* +1/40,(aq)+ H* = Fe* +1/2H,0 8.475
OH™ +H'=H,0 13.995
HSO, =H* +S03~ -1.9791
FeSO, (aq) =SO?™ +Fe?* -2.2

The results for pH and total dissolved S are

shown in Figure 5. The

TOUGHREACT and TOUGH2-CHEM simulations agree well for the quasi—sfationary

states (QSS), but show some differences during the transient approach to the QSS, which

is attributed to the somewhat different process descriptions. Full details are given in Xu et

al [1998c].
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10
£ £ 20
= = ? ________________
£ B R
a a -3 %
2 Solid lines: TOUGHREACT 2
¥ Solld lines: TOUGHREACT / 40 % Symbols: TOUGH2-CHEM

Symbols; TOUGH2-CHEM 2 A

— ' -50 “ T T T T = 1

7 0.0 0.1 0.2 0.3

Total dissolved S concentration (mol/l)’

Figure 5. pH and total dissolved S as simulated with TOUGHREACT and TOUGH2-

CHEM for pyrite oxidation in an unsaturated-saturated medium.

4.3. Water quality in the Aquia aquifer, Maryland

NaHCO; type waters in the coastal plain aquifers of the eastern United States have

been relatéd to freshening of the aquifer [Chapelle and Knobel, 1983]. These investigators
| depict major cation patterns as a function of flow length in the Aquia aquifer (Maryland).
The water quality in this aquifer shows zonal bands with changes in concentrations of
major cations that have been attributed to cation exchange and -calcite

dissolution/precipitation.

The observed water quality pattern was previously simulated with PHREEQM by
Appelo [1994]. In the present TOUGHREACT simulation, hydrological conditions
considered and all data used are the same as Appelo [1994]. The aim is to validate our

model applicability to field scale problems. Figure 6 shows a schematic cross section along
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a flow path. The aquifer is bounded to the east by a change in facies. The prepumping
hydraulic head distribution suggests a confined aquifer in thé upstream half and gradual
loss of water in the downstream part of the aquifer [Chapelle and Drummond, 1983].
Leakage probably occurs via Pleistocene channels which cut through the confining beds.
The hydrological conditions have been modeled assuming a one-dimensional flow tube

with recharge at x=0, and with seepage into the confining layers evenly distributed over

the second half of the flow tube.

, ne::\:arge - Chesapeake Bay

v Piney Point aquifer

Mariboro clay
> Aquia aquifer

0 5 10 miles
Figure 6. Schematic cross section of the Aquia aquifer (Maryland) adapted from Appelo
[1994]. Recharge occurs in the outcrop of the formation: discharge is schematized to take

place evenly in the downstream half. (1 foot equals 0.3048 m; 1 mile equals 1.609 km)

It was assumed that the initial water quality was brackish as a result of mixing of
seawater with fresh water during deposition of the overlying Marlboro clay, which is a
brackish water clay. The recharge water quality is presumed to be unchanged from that
analyzed in the upstream reaches of the aquifer. The initial and recharge water

compositions are presented in Table 9. These data are inferred from observations and
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paleohydrochemical conditions. The detailed analysis and discussion are given by Appelo
[1994]. To obtain recharge water quality in the first 10 miles (16 km) of the flow path, the
exchange capacity for the first 10 miles was set to zero. The reactions considered in this

simulation are listed in Table 10.

Table 9. Initial and recharge water composition (concentrations are given in mmol/l) for
modeling the water quality patterns in the Aquia aquifer. X" represents cation exchange

sites. Data are from Appelo [1994]

pH Na* K' Mg®*  Ca* Cr HCO; SO/ X

Initial 680 874 19 9.92 4.38 101.8 155 027 200
Recharge 7.57 0.1 005 00 1.40 0.1 2.8 0.0
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Table 10. List of chemical reactions considered for modeling the water quality patterns in
the Aquia aquifer. The cation selectivity used is based on Appelo [1994].

Chemical reactions logio(K) at 25 °C
Aqueous dissociation:
OH =H,0-H' 13.995
CO;* =HCO; -H* 10.329
CO,(aq) = HCOs + H' - H,O | -6.3447
CaHCO;" = Ca*" + HCOy' -1.0467
MgHCO;* = Mg** + HCO5 -1.0357
CaCO;(aq) = Ca*" + HCO;” -H* 7.0017
MgCOs(aq) = Mg** + HCOs - H' 7.3499
NaHCOs(aq) = Na" + HCOy" -0.1541
CaSO4(aq) = Ca™ + SO -2.1111
MgSO4(aq) = Mg** + SO~ . -2.309
NaSO, = Na* + SO* , -0.82

KSO; =K' + SO* -0.8796

Cation exchange:

Na* + 0.5Ca-X; = 0.5Ca* + Na-X -0.4

Na* + 0.5Mg-X, = 0.5Mg*" + Na-X 0.3

Na' + K-X = K" + Na-X -0.7
Na*+ H-X = H' + Na-X , 5.883

mineral dissolution
Calcite = Ca** + HCO, - H' 1.8487

A pore velocity of 2.42 mile/ka was used in the upper part of the aquifer. A porosity
of 0.3 was used throughout. Dispersivity was set to 2.0 miles (3.2 km) in the upper part,
which is optimized by trial and error [Appelo 1994]. In the downstream zone where the

confining beds are leaky, a zero dispersivity was assumed following the previous

investigator.

26




The TOUGHREACT results are compared with observations for major cations and
alkalinity (Figure 7). The present model results are practically identical to those obtained
‘with PHREEQM [Appelo, 1994]. The agreement between numerical results and
observations is reasonably satisfactory. The sequential appearance of Mg** and K* is
attributed to chromatographic separation and can be varied in the model only by varying
the Mg*"/K* selectivity. An apparent dip in alkalinity is observed just before Na*
concentrations increase, which is matched by the simulation. The upstream increase of
Ca® concentrations in the region where K* and Mg** are peaking indicates an increased
concentration of Ca-X, (X represents cation exchange sites). The increase occurred during
flushing of Na* and is due to dissolution of calcite. The increase of Na* and alkalinity at
the downstream end agree with earlier conclusions about the development of NaHCO;

water quality in a freshening aquifer [Chapelle and Knobel, 1983].
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Figure 7. Concentrations of Na*, K*, Mg®*, Ca?*, alkalinity and pH along a flow path in

the Aquia aquifer (Maryland). Symbols indicate observations that are provided by Appelo
[1994] and originally from Chapelle and Knobel [1983]; solid lines represent simulated
concentrations using TOUGHREACT.
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5. Conclusions

A general coupled model, TOUGHREACT, for subsurface non-isothermal
multiphase flow, solute transport and reactive chemistry has been developed. A wide
range of thermo-physical-chemical processes is considered. The model can be applied to
one-, two-, or three-dimensional porous and fractured media \;vith physical and chemical
heterogeneity. A variety of equilibrium chemical reactions are considered such as aqueous
complexation, gas dissolution/exsolution, cation exchange, and surface complexation.
Mineral dissolutioh/precipitation can proceed either subject to local equilibrium conditions
or kinetics. The coupled model employs a sequential iteration approach. To improve the
efficiency, monitoring for quasi-stationary states and automatic time stepping are
implemented in the program. The model has been verified for a variety of physical and
chemical processes. A simulation of water quality in the Aquia aquifer, Maryland, has been
performed as model validation. The model is well suited for reactive chenﬁcal transport in
variably saturated porous and fractured media under non-isothermal multiphase flow
conditions. In the second of this two-part paper [this issue], three applications covering a

range of reactive transport problems are presented to illustrate the model capabilities.
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Appendix: Analytical solution for a two-species mineral dissolution

problem
Local eqﬂiiibrium

Consider one-dimensional transport of two hypothetical species A and B which
originate from the dissolution of a mineral phase ABs, AB, & A+B, in a semi-infinite
medium under a steady-state uniform velocity flow regime. The transport equations for

dissolved species A and B are given by

d%c ac dJc
D ax’? ~V a;: +Tap =—a-tA- (A.la)
d%c ac oc

where c, and cg are concentrations of dissolved species A and B, v is pore water velocity,

D is dispersion coefficient, and Ipp I8 the mineral dissolution rate (negative for

precipitation). By subtracting (A.1a) from (A.1b), we have

0’(cg—cy) _,9cg=cy) 9y ~C,)

D
d%x ox ot (A2)
The concentration difference of species A and B,
Cp—Cp = L\ (A.3)
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obeys a standard advection-dispersion equation and behaves like a conservative solute.

The solution of (A.2) in terms of this pseudo-conservative speéies Y is given by van

Genuchten and Alves [1982], as

1 X—vt vt  (x=vt)?
,t)=wy, -4 —erf —_———
y(x,t)=y,-{=e c( )+ D ©XP Dt

——1— 1—E+y—2—t ex (Ei)erfc(x"Vt
2{ D D ™D 2Dt

where Y, = COB - COA (concentrations at x=0.).

(A4)

Suppose the dissolved species A and B are at chemical equilibrium with the mineral
ABg. If concentrations of A and B are very small, their activity coefficients are close to

one. According to the Mass-Action Law, we have
CaCy =K, p (A.5)

where Kap is the equilibrium (or solubility) constant. By substituting (A.3) into (A.5), we

obtain
¢k +we, —K,5 =0 - (A.6)

The solution of (A.6) is

_ \/‘If2 +4K5 -y | (A7)

Ca 2
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Kinetic condition

The conditions are similar to the previous equilibrium case except the mineral ABg
dissolution based on kinetics. According to Lasaga et al [1994], the first order kinetic

dissolution rate, I'rp . takes the form

Iy = c(l —-CAC—B-) (AS8)
AB '

where k is the rate constant, ¢ is the specific reactive surface area, and Kug is the
equilibrium constant. k and ¢ can be practically considered as one parameter, kG, which

is called here rate coefficient (in mol/l/s).

The transport equations for dissolved species A and B can be solved for steady flow

and negligible dispersion (D=0). Under these assumptions, Equations (A.1a) and (A.1b)

reduce to
v de, | r,, =0 (A.92)
dx
-V deg +r1,5;=0 (A.9b)
dx

Subtracting (A.9a) from (A.9b) it follows that

_Vd_("l_SLC_A). -0 (A.10)
dx

indicating that = Ccg —C, remains constant. Let /o be the value of (cs-ca) at x=0.

Then, ca can be expressed as C, = Cg — Yy, and substituted into (A.8),
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C - .
Ihp = m(l —M) (A.11)
Kap .
Substituting this prression into (A.9b), leads to
_VfdiB_.l_kG 1_33_(_(:__'%__:_\,',’0_) =0 (A.12)
dx AB

The solution of this ordinary differential equation is (d.etailed'derivation is given in Xu

[1996])

M = Aofo exp[— E’i)

Ccp = - & | (A.13)

1-PBo exp(— a“*)

) ¢
where
0
_M A14
B() Cg _ }\'2 ( )
vK

d =———AB (A.15)

° ko(h - 1,)

7\,1 and 7»2 are the roots of the following second-order polynomial equation (?\.1 _2 7\,2)

A2 —yoh—K,p =0 (A.16)
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